INTRODUCTION
For decades, HIV has ravaged human cells. The pathological effect on viral-infected cells stems from the virus itself replicating and interacting with the infected cell. Early models suggest that a 1 to 100 repression of HIV-1 can result in a non-pathogenic state of equilibrium to occur between the virus and the host cells. 1 More recent observations support this notion, whereby an $1-log reduction in the viral set point can prove therapeutically relevant by doubling the time it takes for the onset of AIDS. 2 One approach outlined here aims to impart significant and sustained reduction of HIV by targeting reservoirs of viral-infected cells using conditionally replicating vectors (CRvectors). 3, 4 CR-vectors act as a parasite on HIV and are only functional in those cells that are infected with the replicating virus. Once a CR-vector enters a HIV-infected cell, it can be expressed and packaged, by the actions of Tat and Rev already present within the infected cells, into the budding viral particles and ultimately disseminate along with the virus to newly infected cells. 5 Indeed, CR-vectors functionally add a negative selective pressure on HIV by acting as a defective interfering particle such that the virus is stymied and unable to replicate at high levels. 1 Previous studies have found that CR-vectors containing long antisense transcripts to envelope (ENV) functionally suppress HIV, with up to a 2-log reduction in viral expression in patients, but that compensatory A/G mutations arise quickly in the virus. 6 More recent clinical studies in HIV-infected patients with the same CR-vectors containing long antisense RNAs demonstrated that the vectors are safe, tolerable, and result in reductions in viral set points in 6 out 8 patients. 7 However, the virus was found to elude the selective pressure of the CR-vectors due to A/ G mutations, suggesting that CR-vectors containing smaller therapeutic payloads may avoid A-G mutations and prove more fit at longterm stable suppression of HIV, 7 as has been predicted previously. 1 Based on the exciting findings that CR-vectors can functionally repress HIV in vivo, 7 we developed a new class of CR-vectors that can be selected in vivo by the action of the inosine monophosphate to xanthosine monophosphate gene (inosine monophosphate dehydrogenase 2 [IMPDH2]), which is critical for deoxyguanosine triphosphate synthesis.
8 IMPDH2 is preferentially expressed in activated lymphocytes and is 5 times more sensitive to mycophenolic acid (MPA), an inhibitor of IMPDH2, which can be used to selectively expand vector-containing cells. 9 The CR-vectors developed here also contain small non-coding RNA payloads targeted to silence HIV transcriptionally and post-transcriptionally. These non-coding RNA regulatory CR-vectors contain shRNAs targeted to the long terminal repeat (LTR) (LTR-362), a site previously observed to be susceptible to RNA-directed transcriptional gene silencing (TGS), 5, [10] [11] [12] [13] [14] and an shRNA targeted to the Tat/Rev transcript, a site previously observed to be susceptible to RNAi and post-transcriptional gene silencing (PTGS). [15] [16] [17] We find here that CR-vectors alone or with shRNA payloads can, in the presence or absence of MPA, produce stable long-term suppression of HIV-1. We also find here that small-hairpin-RNA-directed TGS of HIV-1 represses HIV-1 long-term, can be co-packaged and passaged from cell to cell with HIV-1, and can maintain epigenetic silencing of HIV-1 following passage. These data presented here suggest that CR-vectors with modulatory non-coding RNAs are a viable approach to achieving long-term sustained suppression of HIV.
RESULTS
One attribute that makes CR-vectors attractive for therapeutic intervention of HIV is that they are parasitic to the virus, as they act as defective interfering particles and co-package with viral transcripts into budding virions. 18 The CR-vectors developed here contained shRNAs targeted to silence HIV-1 either transcriptionally 14, 19 or post-transcriptionally 16, 17, 20 and an IMPDH2 gene that permits inducible MPA selection. 14 The CR-vectors generated and tested here are based on HIV-1 and contain shRNAs targeted to the LTR-362 site in the LTR (sh362) 5, [12] [13] [14] and the Tat/Rev transcript (shTat/Rev). 21 Two variants of CR-vectors were generated containing an intact LTR and therefore the sh362 target site within the vector (pMoHIV series of vectors; Figure 1A ) and those containing a deletion in the LTR-sh362 target site (pD362 series of vectors; Figure 1B) . The LTR-362 shRNA target site is a locus in the LTR of HIV-1 containing a unique nuclear factor kB (NF-kB) doublet, not found elsewhere in the human genome, which has been observed to be highly susceptible to both RNA-directed TGS [10] [11] [12] [13] [14] 19 and CRISPR-targeted activation of latent HIV. [22] [23] [24] Lentivirus-containing CR-vectors expressing anti-HIV shRNAs were generated. These lentiviruses were then transduced into HIV-1 NL4-3-infected Jurkat cells followed by differential treatment with MPA ( Figure 1C ). Infection in these cultures was followed by p24 until day 28 and assessed for relative CR-vector to virus ratios shed into the cell culture supernatants. Notably, all the CR-vectors tested demonstrated significant long-term suppression of HIV relative to an ongoing viral infection in both the presence ( Figure 1D ) and absence ( Figure 1E ) of MPA. The pMoHIV vectors, containing the sh362 target site/NF-kB doublet in the 5 0 LTR, appeared to provide enhanced suppression of HIV relative to the pD362 vectors as determined by p24 ELISA ( Figures  1D, 1E , and S1). Interestingly, all the assessed CR-vectors repressed HIV-1 at similar levels at day 28, and whereas MPA selection didn't appear to enhance the overall suppressive characteristics of these vectors, it did appear to have an effect on cell viability ( Figure S2) . Notably, the pMoHIV CR-vectors, containing the sh362 target site in the LTR, appeared to exhibit an increased vector packaging potential relative to virus compared to pD362 CR-vectors, lacking the sh362 target site in the LTR ( Figures 1F, 1G , and S3), presumably because the 362 site is an NF-kB doublet involved in viral transcription 19 and therefore may facilitate packaging of the CR-vectors containing the NF-kB doublet. These observations suggest that the increased suppression of HIV from these vectors and/or the retention of the 362 site in the pMoHIV CR-vectors facilitates greater vector expression and packaging into the virion ( Figures 1F and 1G ). Indeed, increased packaging of vectors has been observed to limit viral replication and infectivity. 18 Interestingly, whereas MPA demonstrated little effect on suppression of HIV-1 ( Figures 1D and 1E ), it did affect the ratio of vector packaging such that pDsh362 CR-vectors could be bolstered in their overall packaging and mobilization potential ( Figures 1F and 1G ). The addition of the small RNAs, LTR-362, or Tat/Rev-targeting shRNAs may have added a modest enhancement of suppression, specifically with the pMoHIV vectors ( Figures 1D and 1E ). This suppression with the sh362-expressing CR-vectors appeared to be transcriptional in nature, as the observed repression was lost following 5 0 Aza cytidine (5 0 Aza-C) treatment ( Figure 1H ). Collectively, these observations suggest the CR-vectors can be packaged and spread out to 28 days post-transduction in HIV-1-infected cell cultures and exhibit long-term silencing capabilities.
Previous studies at clinical level have shown CR-vector-mediated repression of HIV from infected patient CD4+ T cells. 7 To determine the functionality of those CR-vectors developed here, human CD4+ T cells were transduced, MPA selected, and infected with HIV-1 NL4-3 ( Figure 2A ). Significant repression of HIV-1 was observed after 14 days in culture for both the pMoHIV1 ( Figure 2B ) and pD362 ( Figure 2C ) CR-vectors. Notably, similar dynamics of CR-vector to virus packaging dynamics were observed in these human CD4+ cells ( Figure 2D ) as were found in cell culture lines ( Figures 1F and 1G ). These observations demonstrate that those CR-vectors developed here functionally repress HIV-1 in the context of virus-infected human CD4+ T cells.
To determine to what extent the CR-vectors developed here can not only package into budding virions but also maintain repression of HIV, transduced and HIV-1-infected Jurkat cells were selected with and without MPA and the subsequent viral infection followed over a serial passage.
To determine to what extent this level of repression can be serially passaged, a total of 100 particles per cell from day 21 of either ± MPA ( Figures 1C-1E) were serially passaged to uninfected Jurkat cells ( Figure 2E ). Sustained inhibition of HIV-1 was observed at 21 days' post-serial passage ( Figure 2F ). Notably, MPA treatment proved useful in selecting for all CR-vectors to exhibit similar repressive effects, including the control vectors, which are mobilization competent but lack small RNA inhibitory mechanisms ( Figure 2F ). Collectively, these data suggest that the CR-vectors developed here are MPA selective and mobilization competent, capable of spreading a $50% repression of HIV-1 sustainably in human cells. The CR-vectors containing the shRNA targeted to LTR-362 site in the viral LTR demonstrated potent mobilization and spread of gene repression. This form of repression has been shown previously to be transcriptional and epigenetic in nature. 5 To determine the extent of mobilization and spread of transcriptional silencing by sh362 vectors across the passage, supernatant from CR-vector-transduced, chronically HIV-1-infected cells were serially passaged on un-transduced but chronically infected HIV-1-infected cells ( Figure 3A) . A pronounced enrichment of histone 3 lysine 27 tri-methylation (H3K27me3), a hallmark of stable epigenetic silencing, 25, 26 was observed on day 10 in these cells ( Figure 3B ). To determine to what extent this H3K27me3 mark can be serially passaged by the action of the CR-vector, 10 ng of p24 ($1 Â 10 6 viral particles; $10 4 virus particles per picogram of p24) from day 8 was serially passaged to chronically infected Jurkat cells. Cells receiving supernatant from sh362 CR-vector-transduced chronically infected cells demonstrated robust repression of HIV-1 ( Figure 3C) . A notable enrichment of the H3K27me3 epigenetic mark and significant loss of RNA polymerase II (Pol II) occupancy on HIV-1 LTR promoter was observed at day 5 in these cultures ( Figure 3D ). These observations suggest not only that CR-vectors can sustainably passage small-hairpin-RNA-targeted epigenetic silencing of HIV-1 but also that the passage of epigenetic information can be transmitted by the action of viral-like particles parasitizing HIV.
DISCUSSION
CR-vectors have been of interest as a treatment strategy for HIV, as they offer the ability to exhibit long-term persistence in a viral-infected population. Evolutionary modeling of CR-vector and viral www.moleculartherapy.org infections suggest that, whereas the CR-vectors will select for resistant variants of HIV, they eventually over time "catch up" and continuously maintain a selective pressure on wild-type HIV. 27 Comparative studies in modeling CR-vectors indicated that an equilibrium is established between the CR-vector and the wild-type replicating HIV. 27, 28 This equilibrium results in "red queen" co-evolutionary dynamics, 27 such that the virus must consistently evolves around the selective pressures of the CR-vector, but also that the CR-vector will evolve to be packaged and spread by the actions of wild-type virus. The red queen co-evolutionary dynamics could result in the emergence of the prisoner's dilemma, a phenomenon that has been observed in nature with the phi-6 bacteriophage. 29 Phi-6 is a highly mutagenic RNA bacteriophage that has been observed to have defective nonreplicating phi-6 variants that can sweep through populations of infected cells and impose a significant loss of fitness on the replicating phi-6. 29 Interestingly, defective phi-6 variants follow a selfish pathway that leads to a loss of fitness on the replicating phi-6, which also directly affects the fitness of the defective phi-6. In essence, defective phi-6 29 and presumably defective HIV-1 27,28 evolve a selfish existence, regardless of the overall fitness of the virus population. Ultimately, such selfish behavior leads to an overall loss of fitness.
The observations reported here follow the generation and testing of CR-vectors containing the IMPDH2 gene and shRNAs targeted to regulate HIV-1 transcriptionally and post-transcriptionally (Figure 4) . These CR-vectors were shown to be effective in suppressing virus in cell culture and human CD4+ T cells. Further, this suppression can be manipulated by the action of MPA selection and can be passaged along with replicating HIV-1 to new target cells (Figure 4) . The CR-vectors reported here are close to the idealized therapeutic CR-vector, as they can be regulated by MPA selection, can passage along with the virus to new infected cells, and continuously suppress viral transcription in an epigenetic and potentially heritable manner. However, CR-vector-mediated repression does not lead to 100% inhibition of viral expression. Expression of CR-vectors during ongoing HIV-1 infection produces mixed population of particles with $1/3 CR-vector/CR-vector, $1/3 HIV/HIV, and $1/3 CR-vector/HIV packaged transcripts ( Figure 4F ). Such non-homogeneous viral products diminish the production of infective particles that contain the HIV/HIV transcripts. Hence, these observations suggest that, at best calculations, the CR-vectors reported here would exhibit a $84% reduction in overall productive infectious particles, which may prove to be enough to sustainably repress HIV in a manner that is refractory to viral mutation and is both persistent and parasitic on the replicating virus.
Overall, we find that IMPDH2-containing CR-vectors, either alone or with small non-coding RNA modes of gene regulation, are effective modulators of HIV-1 expression and that this effect can be retained in a long-term stable manner with MPA selection. The utility of these vectors in a gene therapy for HIV infection has not yet been realized, but evidence from earlier clinical studies 7 suggests that the vectors derived here could prove significant as a method to stably regulating HIV infection in the absence of antiretroviral drugs.
MATERIALS AND METHODS

Generation of pMoHIV and pD362 Vectors
Several conditionally replicating vectors were de novo generated (Genwiz, San Diego, CA, USA). The vectors were designed to contain several multiple cloning sites with two series of vectors assessed. The pMoHIV1 vectors contained an intact HIV-1 LTR whereas the pD362 series of vectors contained a deletion of the sh362 target site to avoid small antisense RNA targeting of the vectors (Figure 2A ).
Lentiviral Vector Production, Transductions, and MPA Selection
The various CR-vectors were produced by co-transfection of 10 mg pMDLg/pRRE, 4 mg pRSV-Rev, 5 mg pMD2.G, 5 mg pTATdsRed, and 15 mg of the various CR-vectors into 293T cells using calcium phosphate as previously described. 30 Vectors were titered on 293T cells and analyzed for GFP expression by flow cytometry (FACSCalibur II, Becton Dickinson) to determine infectious particles (IPs)/mL. Jurkat cells were transduced at an MOI of 1 IPs/cell by spinoculation at 1,000 Â g for 30 min. Cells were placed under 1 mM MPA (Sigma-Aldrich) selection 48 hr post-transduction. Cells were monitored for GFP expression using flow cytometry (The Scripps Flow cytometry and cell sorting core facility, a fee for service core facility) and analysis with the microscope. 
RNA or DNA Isolation and Analysis
Viral RNA and total cellular RNA were isolated according to manufacturer's instructions using the QIAamp Viral RNA Mini kit and the RNeasy Mini kit respectively, automated by the Qiacube (QIAGEN, Valencia, CA). Cellular DNA was isolated using the QIAamp DNA mini kit automated by the Qiacube. All RNA samples subject to qRT-PCR were prepared according to the following procedure. Isolated RNA in nuclease-free water was DNase treated using Turbo DNA-free DNase Kit (Ambion, Austin, TX) according to manufacturer's instructions. Following treatment, samples were subject to RT-PCR using Mu-MLV (Life Technologies) according to instructions. All real-time qPCR was carried out using Kapa Sybr Fast universal qPCR mix (Kapa Biosystems, Woburn, MA) and an Eppendorf Mastercycler ep Realplex. Thermal cycling parameters started with 3 min at 95 C, followed by 40 cycles of 95 C for 3 s and 60 C for 30 s. Specificity of the PCR products was verified by melting curve analysis with the following primers used for vector (GFP F2/R2) and virus (HIV_F1/R1; Table S1 ). 
qRT-PCR Analysis of Gene Expression
To determine the relative expression of the respective vectors to HIV mRNAs qRT-PCR was carried out on cellular RNAs or viral RNA isolated from treated HIV-infected (HXB2) culture supernatants. Cells were transfected using the Neon electroporator (Life Technologies, Carlsbad, CA, USA; $1 mg/10 6 cells) or transduced with lentiviral vectors (described in Turner et al. 14 ). The culture mRNAs were collected at various time points post-treatment and DNase treated (Promega Maxwell, Madison, WI, USA). The culture RNAs were then subjected to RT conversion and qPCR using various primer sets (Table S1 ). The absolute expression of each transcript was determined relative to a standard curve or relative to RPL10 31 or beta actin cellular RNAs (Table S1 ) when cellular transcripts were assessed. The relative expression of GFP (vector) to HIV (virus) ( Table S1 ) was determined relative to one another and/or an internal RPL10 cellular transcript.
Cell Culture
Jurkat cells were maintained in RPMI 1640, and 293T cells were maintained in DMEM (Corning) supplemented with 10% fetal bovine serum (FBS) (Life Technologies) and 50 U/mL Pen/Strep (Corning). Primary CD4 + T cells were maintained in RMPI 1640 supplemented with 10% heat-inactivated FBS (Life Technologies), 50 U/mL Pen/Strep, and 30 U/mL human recombinant IL-2 (rIL-2). Isolate CD4 + T cells were stimulated with T cell activation media (BioE) immediately after isolation for 24 hr, and then normal interleukin-2 (IL-2)-containing media was added.
Serial Passage of CR-Vectors in Jurkat Cells
Transduced and HIV-1-infected Jurkat (+/À) MPA-treated cells were plated at a density of 1 Â 10 6 cells/mL. The cultures were washed 24 hr post-infection with Dulbecco's PBS (DPBS) and replaced with 1 mL RPMI. The cultures were followed over a predetermined period of time and supernatant samples collected for p24 analysis and supernatant serial passage, and cell pellets for RNA or DNA isolation were collected at intermediate times during the experiment as well as the final day of the predetermined experiment. The saved supernatants were stored at À80 C until analyzed. Cells were split 3:10 every 3 or 4 days. Chronically HIV-1-infected Jurkat cells were activated to boost HIV-1 production by addition of 10 ng/mL tumor necrosis factor alpha (TNF-a). 1 Â 10 5 activated cells were transduced with 5 MOI of either CR-vector-derived lentivirus. These cells were subjected to 1 mM MPA selection pressure 48 hr post-transduction. After 8 days of MPA treatment, supernatant was collected, and p24 ELISA was done to estimate the virus output. Supernatant volume equivalent to 10 ng of p24 was passed on 1 Â 106 chronically infected Jurkat cells for each CR-vector in triplicate. These cells were cultured for 5 days, and then supernatant was utilized for viral RNA estimation by qRT-PCR while cells were subjected to chromatin immunoprecipitation (ChIP) analysis.
p24 Analysis
Samples p24 analysis was performed by the Translational Virology Core at the UCSD Center for AIDS Research (AI36214) as a fee for service.
ChIP Analysis
ChIP was carried out as described in Lister et al. 32 with anti-trimethyl H3K27 (Upstate catalog 07-449) and anti-RNA polymerase II CTD repeat YSPTSPS (Abcam catalog AB817) using HIV LTR primers (Table S1 ). 
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